nutritional tracers such as lipid biomarker compounds and carbon isotopes (e.g., Canuel et al. 1995; Finlay 2001).
Although feeding studies with different types of food as well as tracer studies can identify important food sources for consumers, they cannot identify which substances contained in unaltered POM of naturally diverse origins actually regulate consumer growth in natural systems. Such substances may be elements or essential biochemical compounds that are not sufficiently supplied by the quantitatively dominant food source. Growth bioassays with seston-containing natural POM as a food source and simultaneous analysis of seston constituents can provide information on substances potentially limiting consumer growth in nature. Such growth bioassays have led to the identification of certain essential fatty acids and mineral nutrients as factors that potentially limit zooplankton growth in natural environments (MullerNavarra et al. 2000; Elser et al. 2001) . These types of studies are still rare, however, and even fewer studies have been conducted in systems with substantial amounts of detrital carbon such as estuaries and small lakes (Ojala et al. 1995; Burdloff et al. 2000) .
POM in developed estuaries contains carbon from many potential sources of varying quality such as phytoplankton, terrigenous organic matter (including agricultural run-off), emergent and submerged aquatic vascular plants, and sewage effluent. Although the carbon sources in many streams and estuaries have been quantified through carbon budgets and loading models (Webster and Meyer 1997; Howarth et al. 2000) , much remains to be learned about the nutritional value of the identified carbon sources. This information is imperative to construct functionally accurate food web models for scientific as well as resource management purposes.
The goal of our study was to evaluate the relative nutritional values of algal and detrital carbon for the growth of suspension feeding zooplankton across several habitat types of a tidal freshwater system. In this investigation, we use the term "detritus" in its traditional definition by Odum and de la Cruz (1963) as dead POM with associated microorganisms. Dissolved organic carbon, which has been included in more recent definitions of detritus (Wetzel et al. 1972) , is not part of this study.
We conducted a series of standardized laboratory growth assays in which we fed natural seston collected during different seasons and from several habitats to a laboratory strain of the suspension-feeding cladoceran Daphnia magna. A partial residual analysis that used a general additive model procedure allowed us to statistically separate algal and detrital carbon effects on Daphnia growth without physically disturbing the natural POM composition. We also compared the effects of seston collected from different habitat types and seasons on Daphnia growth in the laboratory.
All investigated habitats were situated in the SacramentoSan Joaquin River Delta and Suisun Marsh, the upstream portion of the San Francisco Estuary in central California. Herein, we will collectively refer to this part of the estuary as the "Delta." The Delta consists of a multitude of interconnected channels, wetlands, floodplains, and shallow lakes. Dry land in the Delta is intensely farmed and protected by levees. Water depths vary from <1 to >15 m. Delta hydrology is influenced by river inputs, various types of exports and diversions, outflow into San Francisco Bay, and tides. The diverse community of suspension feeders in the Delta consists of planktonic and benthic organisms, including several Daphnia species and other cladocerans, calanoid copepods, and bivalves such as the introduced clam Potamocorbula amurensis. A recent decline in phytoplankton biomass and some zooplankton species in large portions of this system has been linked in part to increased grazing pressure by P. amurensis . For a more complete description of the system, current problems, and restoration efforts, see Jassby and Cloern (2000).
Materials and methods
Study sites were chosen to represent different habitat types with different seston sources (Fig. 1) . As a representative of tidal "river channel" habitat, currently the dominant habitat type in the Delta, we chose the Sacramento River at Rio Vista (A) and Sherwood Harbor (B) and the San Joaquin River at Twitchell Island/Fishermen's Cut (C), all on the northern shores. These downstream channel sites integrate POM from a large variety of upstream sources.
In contrast, Mildred Island (F), a shallow lake (mean depth 5 m) that was formerly a leveed island in the southcentral Delta, has a longer residence time (2-4 d, Monsen 2001) and the potential for a more phytoplankton-derived seston pool. Our sampling station was situated in the middle of a cove on the west side of this "flooded island" habitat.
Suisun Slough (G) and Cut-Off Slough (H) are two shallow sloughs in Suisun Marsh, a tidal marsh that is part of Suisun Bay. With 236 km2 of marsh land and 121 km2 of bays and sloughs, Suisun Marsh provides the largest remaining "tidal marsh" habitat in the Bay-Delta system and is one of the largest tidal marshes in the contiguous United Another type of shallow water habitat formerly prevalent in the Delta is "floodplain" habitat. This habitat type is inundated only during a relatively short period in late winter and early spring. During this time, it exhibits great spatial variability in productivity. As a consequence, we investigated spatial rather than seasonal variation in Daphnia food resources in this habitat type. We included 11 sites in two floodplain areas in our study. These sites differed in depth, residence time, distance from the river channel, and, in some cases, source water. Five floodplain sites were in a small area situated next to the Cosumnes River (E, wetted area <1 km2), the last unregulated major tributary to the Delta. Six additional sites were situated within the Yolo Bypass (D), the largest floodplain habitat in the Bay-Delta system (wetted area 239 km2). A former natural floodplain, it is now leveed and highly regulated to convey excess flows from several streams including the Sacramento River and provides flood protection for the City of Sacramento and surrounding areas.
We conducted 18 laboratory gr-owth assays according to procedures described by Muller-Navarra and Lampert (1996) . During each growth assay, we concurrently fed natural seston contained in freshly collected Delta water sam-ples from three to four sites per assay or cultured algae as a reference treatment (Scenedesmus acutus) to laboratoryraised D. magna. D. magna are deemed nonselective suspension feeders foraging on particles <40 ,um (Lampert 1987 To evaluate seston quality independent of food quantity effects, we compared the Delta growth assay results with the amount of Scendesmus carbon necessary to achieve similar growth rates under the same standardized experimental conditions (Muller-Navarra and Lampert 1996). These "Scenedesmus equivalent carbon" (SEC) levels were calculated from the mathematical relationship between Daphnia growth rates and Scenedesmus carbon concentrations obtained in an additional laboratory growth assay. In this assay, we fed S. acutus cultures ranging from 50 to 2,000 ,ug L-' C to the identical D. magna clone used in the Delta growth assays under the same experimental conditions. We compared SEC levels with estimates of phytoplankton carbon concentrations (PHY C) in our samples by converting Chl a concentrations using a C: Chl a ratio of 35, which has been used elsewhere as a characteristic value for this system (Canuel et al. 1995) . Although this ratio is actually highly variable in practice, both within and among systems, we use it only in this context and consider the ramifications of its variability.
Daphnia growth rates were calculated as the logarithmic increase in dry weight over the 4-d duration of the experiment. We used an asymptotic model with offset to describe the relationship between growth rate and seston components (Ivlev 1961) . Model parameters were estimated with the Levenberg-Marquardt algorithm, a method commonly used for nonlinear curve optimization. We also examined the effect of each of Chl a and POC on Daphnia growth, with the effect of the remaining variable removed. Specifically, we used a general additive model procedure with splines as smoothers and examined the resulting partial residual plots for the two predictor variables, Chl a and POC (Hastie and Tibshirani 1990). On the basis of the number of data points available, the smoothing splines had 3 and 2 degrees of freedom for the <243-and <30-,um size fractions, respectively. A two-way analysis of variance (ANOVA) was used to look for effects of habitat and season on growth. Subsequently, the pairwise effects of habitat on growth were assessed by calculation of differences in mean growth rates between hab- (Fig. 2, square symbol) . We fitted the Daphnia growth results to the two measured POM constituents, POC and Chl a, using an asymptotic model (Fig. 3) . We found that, although these constituents were significantly related to Daphnia growth for both size fractions of Chl a and the <30-,um size fraction of POC, the fit was much better for Chl a (r2243,um = 0 79, n = 49, P < 0.001; r230,,m = 0.87, n = 17, P < 0.001) than for POC (r230Hm = 0.45, n = 17, P < 0.001). Using the same nonlinear regression technique, we failed to reach convergence for itat pairs and simultaneous 95% confidence intervals by use of the Tukey-Kramer method (Hsu 1996) .
Results
The two food-related seston constituents measured in our growth experiments, POC and Chl a, were highly variable among different habitats and seasons. POC and Chl a concentrations in all seston samples varied by more than an order of magnitude from 330 to 3,800 ,ug L-1 POC and 1.4 to 45 ,ug L-l Chl a. The two size fractions exhibited a similar degree of variation. Tidal marsh habitat was generally highest in POC and highest or second highest in Chl a (Table 1) We also fitted generalized additive models and performed partial residual analyses, examining the effect of Chl a and POC on Daphnia growth rates, each with the effect of the other removed (Fig. 4) . These analyses showed highly significant relationships for the effects of Chl a (P<243Hm < 0.001, n = 49; P<30Hm = 0.012, n = 17) but not for the effects of POC (P<243Hm = 0.812, n = 49; P<30Hm = 0.196, n = 17) on Daphnia growth. The partial residual curves for Chl a effects on Daphnia growth resembled saturation growth curves, whereas for POC effects they did not resemble any common biological response curves.
Comparing total POC levels with carbon levels of cultured S. acutus supporting equal Daphnia growth rates, we found that usually a much smaller concentration of Scenedesmus equivalent carbon (median SEC, 23% of Delta POC <243 ,(lm; SEC range, 7%-139% of Delta POC <243 ,(lm) was required to achieve the growth rates observed in our Delta assays (Table 1) This was also the case in which phytoplankton contributed the most carbon (nearly 50%) to POC. In general, phytoplankton contribution to POC in the <243-,um size fraction was low in tidal marsh, river channel, and floodplain habitats (median, 13%) but higher in the flooded island habitat (median, 31%). Overall, habitat type (P = 0.002) but not season (P = 0.217) had a strong effect on growth rates, according to a two-way ANOVA. The pairwise differences in growth for different habitat types were significant only when comparing tidal marsh with either floodplain or river channel habitat. In both cases, tidal marsh supported faster growth (Fig. 5) .
Floodplain seston showed great spatial variation in nutritional quality, whereas seston from the flooded island produced seasonally variable growth rates. When Chl a was used as a covariate, there were no longer any significant differences between habitats. The results from our statistical analyses indicate that bulk detrital POC is not nutritionally relevant in regulating Daphnia growth. It is possible, however, that there are some constituents of bulk detrital POC whose nutritional importance is masked by the overall poor quality of detrital particles. For example, in this study we do not distinguish between dead particulate matter and associated microorganisms. It has been well documented that microorganisms can be heavily grazed by zooplankton (Juergens 1994) , and it is possible that microorganisms contribute important substances to zooplankton nutrition. Some evidence has suggested, however, that their nutritional quality for zooplankton is inferior to phytoplankton (Ederington et al. 1995) . Although microbial organisms may play a greater role in copepod than in cladoceran nutrition, copepod egg production was found to be most closely related to Chl a: seston ratios in several European estuaries (Burdloff et al. 2000) .
Discussion
Varying Chl a concentrations explained 80% of the variation in D. magna growth in our assays. The relatively small unexplained variability might arise from several factors. First, Chl a is not an essential nutritional factor. As a marker for the phytoplankton fraction of POM, it is merely a surrogate for a food component. There may be a nutritional factor or a combination of factors more predictive of Daphnia growth. Potential factors include mineral nutrient content and biochemical compounds such as essential fatty acids (Sterner and Schulz 1998). Factors not related to the varying chemical food quality of seston include those that influence the animals' ability to use potential food resources efficiently. Most important among these is probably the high amount of mineral particles interfering with both collection and digestion of nutritious POM constituents in Delta waters: overcollection of large amounts of inert particles by suspension feeders leads to increased particle rejection and defecation rates and decreased filtration, which results in reduced feeding and digestion efficiencies. This type of interference has been shown in a number of field and laboratory studies (e.g., Hart 1988). It is particularly pronounced when suspended particle concentrations are high and algal concentrations are low (Kirk 1991) , as is the case in the Delta as well as in many other estuaries and reservoirs. Inefficient grazing can also result from inappropriate POM size, rendering particles inedible. In our study, removing particles >30 ,um resulted in an improvement of the Chl a-growth relationship by 8% of the variance explained, although the differences in growth rates between the two size fractions were generally not statistically significant. The only significant difference was found after the removal of a large amount of Skeletonema filaments from the seston collected in Mildred Island in spring 2000. These filaments apparently strongly interfered with efficient feeding by Daphnia. Other kinds of inedibility, toxicity, and slight differences in experimental conditions between experiments may also have contributed to the unexplained variation. Remarkably, in spite of the widely documented contamination of Delta water and sediments with pesticides and heavy metals (e.g., Hinton 1998), these toxins apparently never greatly inhibited Daphnia growth in our assays.
The comparison of the results from our growth assays with SEC levels showed that usually much more Delta POC The strong positive relationship between D. magna growth and Chl a across all habitats compared to the much weaker relationship with POC compellingly suggests that the growth-limiting factor (or factors) is associated with phytoplankton rather than with total POC (Fig. 3) . However, these relationships do not allow conclusions about the comparative nutritional roles of phytoplankton versus detrital carbon, because both types of carbon contribute to POC. Phytoplankton POC cannot be experimentally separated from detrital POC without disturbing the natural POM properties because of overlapping size ranges. We thus used a statistical technique generalized additive modeling combined with partial residual analysis to separate effects of phytoplankton carbon indicated by Chl a and bulk detrital POC on Daphnia growth. The shapes of the resulting curves were a product of the applied smoothing procedure rather than dictated by a specific model. Remarkably, the shapes of the resulting Chl a partial residual curves closely resemble the nonlinear regression curves of Chl a versus growth for both seston size fractions. In contrast, there are no obvious shapes associated with detrital POC, although the increasing trend for the <30-,um POC size fraction may warrant further investigation. In our study, Chl a levels differed markedly among habitat types. Daphnia growth rates varied accordingly and were significantly higher in growth assays with tidal marsh seston than with seston from the river channel or Hoodplain sites. Although our results suggest that this is mostly related to higher phytoplankton concentrations in the tidal marsh sites, detrital quality may also have been higher in these sites. Presumably, much of the detrital matter in the tidal marsh sloughs is derived from marsh plants. This "fresh" detritus may be more bioavailable than the older detritus of terrestrial origin predominant in low-elevation rivers near their mouths (Raymond and Bauer 2001). Tidal marsh and several Hoodplain sites provided the best growth substrates for Daphnia during late winter and early spring, the time period favored by native Delta fishes for spawning and rearing (Sommer et al. 2001 ). Preservation and restoration of tidal marshes and Hoodplains may thus help maintain and restore important ecosystem functions such as the production of a sufficiently nutritious food base for native consumers.
The Hooded island habitat type provided good food resources for zooplankton growth in spring and fall, although overall growth rates were statistically indistinguishable from the other sites. Successional zooplankton and phytoplankton dynamics similar to those commonly observed in lakes (Sommer et al. 1986 ) may have been responsible for the observed seasonal seston variations in this shallow lake. However, food resources in this habitat were inferior to those of the tidal marsh and several Hoodplain sites during the late winter/early spring period critical for juvenile native fishes. Furthermore, because of its longer residence time, nutritionally inferior phytoplankton blooms may be more common in this habitat type.
Similar to the Delta, many low-elevation river systems receive large inputs of terrigenous carbon and exhibit net heterotrophy (Cole and Caraco 2001) . Nevertheless, as our results indicate, the scarcer aquatic food sources may regu-late metazoan consumer production in such systems. This is in contrast to results from other studies of cross-system transfers from more to less productive habitats (Polis et al. 1996) , where allochthonous subsidies played a large role in controlling food web processes. Reasons for the different ecosystem responses may include differences in allochthonous matter quality, POM residence time in the receiving system, and the trophic role of the primary recipient organisms. Temgenous POM may already be severely degraded dunng its passage through the Delta's large watershed and reach the Delta in a state of insufficient nutntional quality for metazoan consumption. Sobczak et al. (2002) found that POM bioavailability in the Delta is low even for microorganisms: only a small portion of POM is metabolized by microorganisms within the short residence time of this system. Because of the nutntional infenonty of microorganisms for pelagic metazoan consumers (Edenngton et al. 1995) and transfer losses in the microbial food web, most of this carbon may not be transferred to pelagic metazoa and thus have little inHuence on pelagic food web processes (Jassby and Cloern 2000).
In conclusion, our study shows the importance of phytoplankton in regulating the growth of pelagic suspension feeders such as D. magna in detntus-nch, turbid systems. Although detrital carbon may represent an important subsidy for microbial communities and contnbute greatly to carbon budgets and community respiration, it may be much less important for regulation of metazoan food web dynamics in these systems. Overall, seston food quality for suspension feeders in the Delta is low because of the large amounts of low-quality detritus. Inert inorganic particles probably also contnbute to low seston food quality. In contrast, the phytoplankton component of Delta seston is generally of good nutritional quality and limits Daphnia growth under standard experimental conditions at concentrations <10 ,ug L-' Chl a. Differences in potential growth rates between habitats are strongly related to differences in phytoplankton concentrations and are largely independent of differences in detrital carbon. From a restoration perspective, the results of this study emphasize the importance of tidal marsh and Hood-. . Pi a1n preservat1on and restoration as relatively food-rich areas for pelagic pnmary consumers.
